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Muscle spindles (MS) and Golgi tendon organs (GTOs) are encapsulated, 
stretch-activated sensory receptors housed within skeletal muscles, yet their 
functional contributions to proprioceptive monitoring of limb movements are quite 
different.  For example, MS are responsible for detecting stretch of muscle fibers, 
and GTOs provide feedback regarding muscle tension during contraction.  
Peripheral axons extending from proprioceptive sensory neurons (PSNs) in the 
dorsal root ganglia supply MS and GTOs.  MS are innervated by Group Ia and II 
sensory fiber endings, while GTOs are innervated by a single Group Ib sensory fiber.  
The developmental processes guiding axons from PSNs to their targets and the 
maturation of distinct functional identities in skeletal muscle, however, remain 
largely unknown.  To study PSNs and their peripheral endings more closely, we took 
advantage of existing transgenic mouse models using Cre-lox recombination 
technology in which all proprioceptive afferents are labeled with a red fluorescent 
protein, tdTomato (Parvalbumin-Cre/+; Rosa-CAG-LSL-tdTomato-WPRE).  Using 
this model, we present results from a quantitative confocal microscopy analysis of 
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proprioceptive receptors and their associated afferent axons taken from whole-
mount neonatal mouse soleus muscle preparations.   
We focused a portion of our analysis on the unique extramuscular bifurcation 
of the soleus nerve, which gives rise to stereotypic thin and thick nerve branches.  
Our results show that the proprioceptor-enriched thin branch of the soleus nerve 
always contains Ib afferents and usually a mix of Ia and II spindle afferents, but 
occasionally lacks MS afferents altogether or contains MS afferents of only one type. 
Heterogeneity in the thin branch may provide a useful tool in analysis of MS and 
GTO maturation during embryonic and early postnatal development.  Additionally, 
we optimized a technique for retrieving single fluorescently labeled neurons from 
wild-type and PV-Cre/+; Rosa-tdT/+ dorsal root ganglia and utilized qRT-PCR to 
screen those neurons for expression of established and putative markers of PSNs. 
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Proprioception is the term designated for the body’s ability to sense limb 
position and movement without the aid of visual cues.  For example, proprioceptive 
sensation assists a blindfolded child in accurately swinging a bat and breaking open 
a piñata, a waitress in tying the strings of her apron behind her back, and a runner in 
sprinting without needing to look at his feet.  In order to perform even the simplest 
motor tasks, the body requires perpetual monitoring of alterations in muscle length, 
the amount of force during muscle contraction, joint angle changes, and other 
biomechanical parameters.  Proprioceptive sensory neurons (PSNs) collect this 
information and relay it to the central nervous system for interpretation and 
response via spinal circuits and ascending pathways into the brain (Pierrot-
Deseilligny and Burke, 2005).  Axons extending into the periphery from PSN cell 
bodies localized in the dorsal root ganglia (DRG), supply specialized sensory 
receptors located in skeletal muscle, and these proprioceptive receptors are known 
as muscle spindles (MS) and Golgi tendon organs (GTOs). 
This thesis focuses on anatomical and molecular characterization of sensory 
afferents innervating these peripheral receptors.  In many ways, PSNs are similar; 
however, there are key aspects in which they differ.  We hypothesize that one major 
area of differences exists at the molecular level and thus directs developing PSNs 
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toward an intrinsically derived structural and functional fate.  Much of what is 
currently known about PSN diversity stems from anatomical, morphological, and 
physiological properties.  In recent years, genetic approaches have also identified a 
cast of transcription factors and cellular signaling processes that contribute to the 
development and orchestration of sensory-motor circuitry.  Here, we begin by 
reviewing the current understanding of PSN subclasses according to structural, 
functional, and molecular perspectives. 
 
Review of Proprioceptive Receptor Structure and Function 
MS and GTOs are both encapsulated, stretch-activated sensory receptors 
housed within skeletal muscles, yet there are several areas in which they are quite 
different.  Anatomically, MS and GTOs are found in different regions of the muscle.  
MS are located in the belly of the muscle, positioned in parallel with extrafusal 
muscle fibers, and GTOs are found at myotendinous junctions, arranged in series 
with muscle fibers.  MS and GTOs diverge in their morphological traits as well.  In 
general, MS are comprised of three types of intrafusal muscle fibers (termed bag1, 
bag2, and chain fibers according to nuclear arrangement), a primary afferent ending, 
variable numbers of secondary afferent endings, and gamma-motor innervation, all 
surrounded by a capsule structure (Banks, 2005).  The primary afferent ending 
forms the hallmark annulospiral morphology of the MS as it wraps around each type 
of intrafusal muscle fiber, whereas secondary afferent endings are likened to a spray 
of flowers and are known to only contact bag2 and chain intrafusal muscle fibers 
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(Boyd, 1980).  GTOs, on the other hand, are considered to be less complex 
structurally and are recognized as branching sensory endings that wrap around 
collagen fibers at the point where muscle meets tendon.  Not all muscle fibers feed 
into GTOs.  A typical GTO receives a small group of muscle fibers, which are believed 
to represent a sampling of the motor units contained within that muscle. (Schoultz 
and Swett, 1972; Houk et al., 1971; Scott, 2005).  Based on ratio calculations 
performed in cat hind limb experiments, it is thought that the relatively small 
number of GTOs populating a given muscle is enough to adequately track motor unit 
activity (Jami, 1992). 
Another area in which MS and GTOs differ concerns the types of afferent 
axons that supply them.  Group Ia (primary) and Group II (secondary) afferents 
have been shown to innervate MS, while Group Ib afferents innervate GTOs (Brown, 
1981; Banks, 2005; Scott, 2005).  These classifications of afferents are sorted 
according to traits such as axonal diameter and conduction velocity.  For example, in 
the cat, Ia fiber diameter has been measured in the range of 10 to 22 µm compared 
to the smaller diameter Group II fibers reported to range from 5 to 14 µm (Zelena, 
1994).  Because of differences in axonal diameter, expected differences in 
conduction velocities have also been documented.  In the adult cat, Group Ia 
afferents conduct impulses at a rate of 55 to 120 m/sec, Group Ib afferents from 70 
to 110 m/sec, and Group II afferents from 20 to 65 m/sec (Houk and Henneman, 
1967; Boyd and Smith, 1984).  Data collected from conduction studies in cats 
indicate Group Ib afferents conduct at velocities quite similar to the Ia afferents such 
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that they cannot be distinguished on the basis of conduction velocity (Pierrot-
Deseilligny and Burke, 2012).  In  adult mice, Group I afferents (including Ia and Ib) 
targeting the posterior biceps muscle conducted at 42.9 ± 4.3 m/s on average (± 
standard deviation) and Group II afferents were reported to average 20.3 ±5.7 m/s 
(Steffens et al., 2012).  It is important to note that, when considered together, these 
measurements do tend to exhibit some overlapping ranges and therefore classifying 
muscle afferents according to these properties alone may not render the most 
accurate results. 
 In addition to innervating different peripheral targets, Group Ia, Ib, and II 
afferents have also been shown to differ in their central trajectories and targets.  Ia 
and Ib afferents, for example, are not known to converge on the same interneuronal 
populations (Eccles et al., 1956).  Upon entering the spinal cord via the dorsal root, 
Ia afferents project to the lamina IX in the ventral horn where they synapse directly 
onto motoneurons (MNs).  In addition, Ia afferents also make connections with 
populations of interneurons, one of which is known as the Ia inhibitory 
interneurons, positioned just dorsal to the MN pool (Brown and Fyffe, 1978; Brown, 
1981; Jankowska, 1992).  Group II spindle afferents also directly contact MNs, 
although not to the extent of the Ia afferents.  Other known central targets of Group 
II afferents include interneurons located in laminae IV through VII (Brown, 1981; 
Jankowska, 1992).  In contrast, Group Ib afferents do not make monosynaptic 
connections with MNs.  Instead, their central targets include Ib inhibitory 
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interneurons mainly in lamina VI and occasionally in laminae V and VII (Eccles et al., 
1954; Brown and Fyffe, 1979; Brown, 1981; Jankowska, 1992). 
Differences in Group Ia, II, and Ib axon fiber types also occur in parallel with 
differences in the functional profiles of MS and GTOs in the provision of 
proprioceptive feedback.  Upon stretch stimulation, the proprioceptive sensory 
terminals within MS and GTOs are deformed, which is believed to activate stretch-
sensitive ion channels allowing for subsequent influx of sodium, receptor 
depolarization, and action potential generation (Scott, 2005; Bewick and Banks, 
2014).  The ion channel(s) responsible for stretch sensitivity of MS and GTOs is yet 
unknown.  In general terms, MS are responsible for detecting changes in muscle 
length, as evidenced by their increased activity when muscle is stretched and 
decreased activity during muscle contraction (Hunt and Kuffler, 1951; Hasan and 
Houk, 1975; Haftel et al., 2004).  MS have also been shown to play an important role 
in muscular responses to changes in body posture (Honeycutt et al., 2012).  
Furthermore, MS are supplied by both Group Ia and Group II afferents, so it is 
important to consider the physiological responses of each.  For example, during a 
muscle ramp and hold stretch, Group Ia afferents display marked increases in 
frequency of action potentials during the ramp phase followed by rapid adaptation 
at the start of the hold phase of the stretch.  On the contrary, Group II afferents show 
a slower increase in firing during the ramp and much slower adaptation during the 
hold phase (Jansen and Matthews, 1962; Nicholls et al., 2012).  As a result, Group Ia 
afferents are concluded to be more sensitive to stretch velocity or dynamic stretch, 
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whereas Group II afferents are mainly sensitive to maintained or static stretch 
(Mathews, 1981; Nicholls et al., 2012).   
While MS are classically understood to oversee length changes in skeletal 
muscle, GTOs are known for increased activity during active muscle contraction and 
thus contribute to proprioception through monitoring force of muscle contraction.  
When a muscle is stretched, or lengthened, a degree of passive tension develops in 
the muscle.  During contraction, however, the resulting tension is deemed to be 
active.  The current understanding is that GTOs are not equally sensitive to passive 
versus active tension (Jami, 1992).  Unfortunately, in the field of proprioception, the 
MS has commanded greater attention to date than the GTO resulting in limitations in 
the current knowledge of its physiological contributions.  One major finding, from 
isolating ventral root filaments in adult cats, was that one GTO can report contractile 
activity from one motor unit (Houk and Henneman, 1967).  It is interesting to 
compare the ratios of numbers GTOs and MS to the numbers of motor units in given 
muscles.  For example, the adult cat soleus is reported have 3.3 motor units for 
every GTO and 2.8 motor units for every MS.  In comparison, the flexor digitorum 
longus has 9.1 motor units per GTO and 3 motor units per MS.  It is postulated that a 
lower motor unit to GTO ratio may imply more critical monitoring of contractile 
activity (Eldred et al., 1962; Burke et al., 1977; Jami, 1992). 
The above briefly summarizes over 100 years of extensive investigation, and 
based on this compilation of anatomical and physiological work, it can be 
confidently concluded that MS and GTOs indeed differ from each other in the 
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following areas: anatomy and morphology, afferent axon supply, neurocircuitry, and 
physiological contributions to proprioception.  At the center of all of these 
differences are the unique characteristics of multiple PSN subclasses, currently 
identified by their associated Group Ia, Ib, and II afferents.  The developmental 
process guiding the growth of axons from these PSNs in the dorsal root ganglia to 
their specific targets and ultimate functional identities in skeletal muscle, however, 
remains unknown.  In order to further elucidate this developmental process, it is 
necessary to also study the genetic factors that are involved in neuronal 
differentiation and axonal guidance, which culminate in neurocircuit formation for 
the purpose of locomotion.   
 
Review of PSN Molecular Identification 
During development, PSNs participate in an intricately choreographed 
sequence of events, contributing to the construction of neural circuits that unite 
central and peripheral elements for the purpose of movement.  It is not exactly 
understood how and when PSN subclasses and their pathways to muscle targets are 
decided.  Deductive genetic approaches have brought to light key indicators of PSN 
identity including the following cytoplasmic and cell surface markers, trophic 
factors, and regulators of transcription. 
As a group, PSNs are known to express the calcium binding protein 
parvalbumin (PV), which has become a useful tool for immunohistochemical 
analysis and genetic manipulations of these neurons (Copray et al., 1994; Ernfors et 
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al., 1994; Honda, 1995; Patel et al., 2003; Hippenmeyer et al., 2005).  Initial 
experiments with cultured embryonic rat DRG neurons demonstrated that the 
population of neurons that relied most on NT3 for survival also largely expressed 
PV.  It was also shown that this population of neurons tended to be cells with large 
soma diameters (Copray et al., 1994).  Retrograde nerve fills of the sural and 
gastrocnemius nerves subsequently linked PV expression to muscle, but not 
cutaneous afferents (Honda, 1995).  PV is also widely used in labeling PSNs via 
immunofluorescence.  For example, PV immunostaining was used to confirm the 
complete loss of PSNs in the DRG of a NT3-/- mouse model compared to control mice 
(Ernfors et al., 1994).  With the generation of PV-Cre driver mice came the ability 
selectively manipulate the PSN population genetically (Hippenmeyer et al., 2005).  
For instance, PV-Cre expressing mice have been used to selectively knock out the 
synaptic vesicle associated protein, munc18-1, in PSNs and effectively block their 
synaptic transmission (Dallman and Ladle, 2013).  Although all PSNs express PV, PV 
expression is not strictly limited to PSNs.  Cutaneous mechanoreceptors supplying 
Pacinian, Meissner, and Lanceolate endings also express PV; therefore, PV 
expression with co-expression of other positive markers has been used to 
unequivocally identify PSNs (de Nooij et al., 2013). 
It has also been well established that all PSNs require neurotrophin 3 (NT3) 
for cell survival.  NT3 knock-out mice exhibit substantial loss of DRG neurons as well 
as a complete lack of MS and GTOs within skeletal muscles (Ernfors et al., 1994).  
When transgenic mice overexpressing NT3 in skeletal muscles were bred with NT3 
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knock-out mice, a portion of Group Ia afferents and MS were rescued in the offspring 
(Wright et al., 1997).  Additionally, in mice where tyrosine kinase receptor C (TrkC), 
the receptor for NT3, had been knocked out, 19% of DRG neurons were lost, Ia and 
II afferents were not observed in the spinal cord and dorsal roots, and the animals 
exhibited behavioral phenotypes consistent with proprioceptive deficits (Klein et al., 
1994).  Conversely, when NT3 was genetically overexpressed in skeletal muscle, 
there was also an increase in the number of PSNs and, in turn, MS counts elevated 
up to 300% in some muscles (Wright et al., 1997).  TrkC expression thus serves as a 
molecular marker for PSNs, and NT3 signaling is an effective way to genetically 
manipulate the PSN population. 
One aspect that contributes to the molecular identity of PSNs deals with 
establishing central patterns of connectivity.  Er81 is a transcription factor that 
depends on peripheral NT3 for induction and is required for correct formation of Ia 
afferent monosynaptic connections onto MNs during development (Arber et al., 
2000; Patel et al., 2003).  Er81 knock-out mice revealed several important 
consequences.  Although PSNs are present, their central trajectories are halted in 
the intermediate zone, and the monosynaptic input of spindle afferents onto MNs is 
lost (Arber et al., 2000).  MS started to develop normally embryonically, but by P5, 
intrafusal muscle fibers failed to differentiate, complicating the formation of the 
annulospiral morphology, and markedly reducing MS response to muscle stretch 
(Arber et al., 2000).  Interestingly, spindle sensory ending loss among PSNs is not 
uniform in all muscles after the loss of Er81.  PSNs supplying spindle endings within 
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proximal muscles were more severely affected than those supplying more distal 
muscles, suggesting that muscle target specificity is an important factor to consider 
when comparing PSNs molecularly  (Kucera et al., 2002; de Nooij et al., 2013).  
In addition to Er81, Runx3 is another transcription factor necessary for the 
establishment of connections between PSNs and their central terminations.    
Experiments utilizing a Runx3 knock-out mouse model revealed a marked ataxic 
phenotype, quite similar to the phenotypic behaviors elicited in TrkC-/-, NT3-/-, and 
Er81-/- mice (Chen, et al., 2003).  In the Runx3 mutant, observed proprioceptive 
deficits were linked to PSN absence in the DRGs, loss of Group Ia monosynaptic 
input onto MNs, and lack of MS in skeletal muscles (Inoue et al., 2002; Levanon et al., 
2002).  PV staining showed a decreased number of PSNs in the DRG and 
proprioceptive afferents were lacking in both the ventral horn and intermediate 
zone of the spinal cord.  Manipulation of Runx3 expression levels in chick embryos 
suggested that higher levels of Runx3 direct proprioceptive axons to the ventral 
horn while lower levels of Runx3 cause axons to terminate more dorsally in the 
intermediate zone (Chen et al., 2006).  Taken together, TrkC, PV, Er81, and Runx3 
mutual expression is used to molecularly detect the PSN population (de Nooij et al., 
2013).   
Currently, this level of resolution is the extent to which PSNs can be 
molecularly identified.  Selective markers for subsets of PSNs associated with Group 
Ia, Ib, and II afferents have not yet been uncovered.  We hypothesize that genetic 
differences exist between the subpopulations of PSNs that project axons to MS 
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versus those that project to GTOs.  If authentic, these cell intrinsic distinctions could 
have the potential to be deciding factors in the development of the unique structural 
and functional properties that define these two proprioceptive receptor classes.  
Genetic manipulation of subsets of PSNs would indeed provide an avenue for many 
novel experimental endeavors expanding our understanding of the development of 
proprioception, monitoring the regrowth of proprioceptive afferents following 
peripheral nerve injury, and studying the mechanisms underlying peripheral 
neuropathy, to suggest a few.  Here, we present three aims to test our hypothesis.  
First, we sought to develop and assess a technique that would allow us to quantify 
MS and GTOs in a whole-mount muscle preparation from a transgenic mouse.  Next, 
we wanted to determine if a whole-mount muscle preparation would enable us to 
predict the number of PSNs projecting to the mouse soleus by analyzing the 
proprioceptive axons supplying each MS and GTO.  Finally, we aimed to capture 
single fluorescently labeled cells from DRGs and perform qRT-PCR to screen for 
differential gene expression among subclasses of PSNs.  If successful, this project 
could serve as the foundation for future inquiries into the diversity and 




II. MATERIALS AND METHODS 
 
All animal experimental procedures were conducted under the approval of 
the Wright State University Laboratory Animal Care and Use Committee.   
 
Transgenic Animal Model for Labeling Proprioceptive Afferents 
Knock-in transgenic mice expressing Cre-recombinase from the parvalbumin 
locus (Hippenmeyer, et el., 2005; PV-Cre, C57 background, JAX Stock 008069) were 
crossed with fluorescent reporter mice to allow visualization of PSNs and their 
peripheral endings in a whole-mount muscle preparation.  The reporter mice 
contained a lox-STOP-lox cassette upstream of a tdTomato red fluorescent protein 
inserted into the Rosa26 locus, which is highly expressed in all mouse tissues. 
(Rosa-tdT/+; JAX Stock 007908).  In this case, Cre-mediated recombination 
produced a phenotype in which all PSNs, including cell bodies, afferent axons, and 







Soleus Muscle Collection for Immunohistochemistry 
 At age P3, a PV-Cre/+; Rosa-tdT/+ mouse was anesthetized via hypothermia 
induced from an ice-water bath and transcardially perfused with 10 mL of ice-cold 
1X PBS followed by 10 mL of 4% paraformaldehyde (PFA) solution.  All musculature 
superficial to the soleus muscle (hamstrings, lateral and medial gastrocnemius 
muscles) was removed from the right hind limb, and the soleus nerve was cut 
proximal to the point where the thin branch defasciculates.  The entire lower hind 
limb, including exposed soleus muscle, was then submerged in 15 mL of 4% PFA for 
1 hour at 4°C.  After fixation, the lower hind limb was washed two times with 1X PBS 
and then placed in 15 mL of 30% sucrose solution overnight at 4°C for 
cryoprotection.  The soleus muscle was then removed from the limb, embedded in 
tissue freezing medium and placed in a freezer at -80°C.  Using a HM 550 cryostat, 
20 µm-thick serial longitudinal sections were obtained and placed on Superfrost 
Plus microscope slides in preparation for immunohistochemistry.  The soleus 
muscle sections were washed two times with 1X PBS and then incubated overnight 
at 4°C in a primary antibody solution containing: Guinea pig anti-VGLUT1 Polyclonal 
Antibody diluted 1:10,000 (Chemicon AB5905, Lot LV1567574), 1X PBS, 1% bovine 
serum albumin, and 0.3% Triton X-100.  The sections were next washed three times 
with 1X PBS and then incubated for 45 minutes, protected from light, at 22°C in a 
secondary antibody solution containing: 2 mg/mL Alexa Fluor® 488 Goat Anti-
Guinea Pig IgG (H+L) Antibody diluted 1:1000 (Invitrogen A11073, Lot 455283), 1X 
PBS, 1% bovine serum albumin, and 0.3% Triton X-1000.  Following the secondary 
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incubation, the sections were washed three times with 1X PBS.  Vectashield® 
mounting medium (H-1000, Vector Laboratories, Inc.) was then applied to the 
sections for fluorescence preservation prior to placement of a 22 x 50 mm glass 
coverslip.  High magnification images (60X) of proprioceptive receptors and afferent 
axons were acquired using an Olympus FV1000 confocal microscope. 
 
Quantification of Proprioceptive Receptors in the Mouse Soleus Muscle 
Fifteen PV-Cre/+; Rosa-tdT/+ mice, ages P3 to P7 were anesthetized via 
hypothermia induced from an ice water bath and transcardially perfused with 5 mL 
of ice-cold 1X PBS in preparation for muscle retrieval.  The animal preparations 
were then submerged in ice-cold 1X PBS for the remaining duration of the 
dissection.  The soleus muscle and nerve were quickly isolated and removed from 
the right hind limb and mounted on a 25 x 75 mm, 1.0 mm thick glass slide with a 
drop of 1X PBS.  Adapting a technique described by Vult von Steyern, a 22 x 50 mm 
glass coverslip was next applied to compress the muscle to a thickness optimal for 
documentation of proprioceptive axons and their associated endings using 
fluorescence microscopy (Vult von Steyern et al., 1999).  Images were immediately 
acquired using an Olympus BX51 Epi Fluorescence microscope (4x and 10x) with 
SPOT RT Slider 2.3.0 color camera and SPOT Advanced software version 5.1 
(Diagnostic Instruments, Inc.).  The number of MS and GTOs contained within the 
soleus muscle were quantified using known morphological characteristics, namely 
the hallmark annulospiral structure of muscle spindles and the flower spray 
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arrangement of Golgi tendon organs (Boyd, 1980).  Furthermore, careful attention 
was paid to whether proprioceptive axons supplying a given MS or GTO reached the 
ending via the soleus nerve thick branch, thin branch, or both.  Throughout the data 
analysis, averages were reported as mean ± SEM. 
 
Analysis of Proprioceptive Sensory Axons Supplying Sensory Endings in the Mouse 
Soleus Muscle 
Four PV-Cre/+; Rosa-tdT/+ mice, ages P3 to P5 were anesthetized via 
hypothermia induced from an ice water bath and transcardially perfused with 5 mL 
of ice-cold oxygenated (95% O2; 5% CO2) artificial cerebrospinal fluid (ACSF) 
containing: 127 mM NaCl, 1.9 mM KCl, 1.2 mM KH2PO4, 1 mM MgSO47H2O, 26 mM 
NaHCO3, 16.9 mM D(+)-glucose monohydrate, and 2 mM CaCl2.  Here, the soleus 
muscle dissection was performed with the animal preparation submerged in a 
recirculating bath of cold oxygenated ACSF.  Following excision, the soleus muscle 
was carefully pressed between two glass slides, each prepared with a layer of filter 
paper and 40 µm cell strainer mesh, and then secured together with adhesive tape.  
This entire compression apparatus was immediately submerged in 40 mL of 4% 
PFA solution for 1 hour at 4°C.  In this manner, muscle compression and fixation 
were accomplished simultaneously as the filter paper wicked the PFA in between 
the two slides while the cell strainer mesh provided a PFA-accessible yet non-
traumatic protective covering for the soleus muscle.  After fixation, the compressed 
soleus muscle was rinsed three times with 1X PBS, mounted on a Superfrost Plus 
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microscope slide with Vectashield mounting medium, and a 20 x 50 mm glass 
coverslip. 
 In order to document the number of proprioceptive axons supplying a subset 
of representative soleus spindles and GTOs, images (20X and 60X) of the 
compressed and fixed muscles were acquired and analyzed using an Olympus 
FV300 confocal microscope in conjunction with Fluoview software.  Composite 
images were constructed in Photoshop (CS3) from maximal intensity projections 
from confocal images.  Counts of proprioceptive axons were performed with the 
assistance of 3D image visualization software as needed (Imaris 7.7.0). 
 
Proprioceptive Sensory Neuron Labeling Via Retrograde Peripheral Nerve Fill 
Five mice (n = 3 wild type; n = 2 PV-Cre/+; Rosa-tdT/+) ages P4-P5 were 
anesthetized via hypothermia induced from an ice water bath and transcardially 
perfused with 5 mL of ice-cold oxygenated ACSF.  For these experiments, 5 mL of 
Penicillin-Streptomycin solution (5,000 IU/mL and 5mg/mL, respectively) was 
included in the ACSF to prevent microbial growth.  As described above, these 
dissections were also performed with the animal preparation submerged in a 
recirculating bath of cold, oxygenated ACSF.  To allow for optimal oxygenation of 
PSNs housed within the dorsal root ganglia, we performed a dorsal laminectomy 
and released the dura from the spinal cord along the entire length of the spinal 
column.  All ventral roots were cut bilaterally to prevent muscle contraction.  Dorsal 
roots at lumbar segments 1 through 5 on the animal’s right side remained intact; all 
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other ipsilateral and contralateral dorsal roots were cut.  The quadriceps nerve was 
then carefully isolated and transected, and the proximal portion of the nerve was 
drawn up in to a fire-polished glass capillary tube (TW120F-4, World Precision 
Instruments, Inc.).  Once the cut nerve was well seated within the capillary glass, 
ACSF remaining in the capillary was removed, and 2 µL of fluorescent dextran 
solution was injected into the capillary glass to allow for retrograde transport 
overnight (approximately 16 hours) at 22°C to the cell bodies contained within 
DRG-L3 and DRG-L4.  Tetramethylrhodamine Dextran, 3000 MW, Anionic, Lysine 
Fixable (100 ng/mL, Invitrogen D-3308) was used to fill the quadriceps nerve in 
wild type (WT) animals, while Fluorescein Dextran, 3000 MW, Anionic, Lysine 
Fixable (100 ng/mL, Invitrogen D-3306) was used in PV-Cre/+; Rosa-tdT/+ animals. 
Prior to performing the retrograde quadriceps nerve fill experiments, a pilot 
experiment was conducted using methods described, however, using a P4 PV-Cre/+; 
Rosa-tdT/+ peroneal nerve. The peroneal nerve innervates the anterior 
compartment of the distal hind limb, and sensory neurons sending axons through 
this nerve are found in DRG-L4 and DRG-L5. 
 
Proprioceptive Sensory Neuron Single-Cell Capture and qRT-PCR 
Immediately following successful completion of retrograde nerve fill, WT and 
PV-Cre/+; Rosa-tdT/+ DRG-L3 and DRG-L4 were carefully removed from the animal 
preparation and embedded in 1.6% agar. The embedded DRGs were immediately 
submerged and maintained in partially frozen, oxygenated ACSF while sectioned 
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into 200 µm-thick slices using a Vibratome® 1000 Plus Sectioning System.  The DRG 
slices were then incubated in oxygenated ACSF for 1 hour at 27°C.  Following 
incubation, the DRG slices were secured in a Sylguard perfusion chamber and 
maintained in a recirculating bath of oxygenated ACSF at room temperature during 
single-cell retrieval.  Single fluorescently labeled cells were visualized and retrieved 
from DRG slices using an Olympus 2-Photon microscope (FV-1200MPE) at 25X 
magnification.  Cell retrieval pipettes were prepared from capillary glass (TW150F-
3, World Precision Instruments, Inc.) pulled to 20 µm tip diameter using a Narishige 
PP-830 vertical pipette puller and preloaded with 10 to 20 µL of ACSF containing 
0.5% Fluorescein Dextran, 250kD (100 ng/µL, Sigma FD250S-100MG).  The 
fluorescent dye aided in initially visualizing the cell retrieval pipette under the 
objective lens, and this volume was largely expelled from the tip of the pipette 
during navigation to the DRG slices.  Using a Sutter MP-285 motorized 
micromanipulator, the pipette was positioned to be in direct contact to the cell of 
interest, negative pressure was carefully applied, drawing the cell of interest into 
the tip of the retrieval pipette.  In all, 14 samples were obtained.  Of that total, 7 
quadriceps sensory neurons labeled by retrograde fill were collected from three WT 
mice.  In addition, 5 fluorescently indicated PSNs and 1 fluorescently indicated non-
PSN (to serve as the qRT-PCR calibrator sample) were collected from two PV-Cre/+; 
Rosa-tdT/+ mice.  Finally, 1 sample, which contained only the 0.5% Fluorescein 
Dextran solution, served as a negative control. 
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 The Ambion® Single Cell-to-CT™ Kit and accompanying protocol (Life 
Technologies 4458237) were utilized for single-cell qRT-PCR.  Upon retrieval, the 
single cell was immediately ejected into a DNAse/RNAse-free PCR tube containing 9 
µL of Single Cell Lysis Solution and 1 µL of Single Cell DNAse I (prepared on ice) to 
lyse the cell and remove all DNA material.  After incubation for 5 minutes at room 
temperature, 1 µL of Single Cell Stop Solution was added, and the sample tube was 
incubated for 2 minutes at room temperature.  Stopped cell lysates were stored in a 
-80°C freezer for 6 to 38 days until batch qRT-PCR was performed.  Dr. Michael 
Markey, Director of the Center for Genomics Research at Wright State University, 
performed the reactions described next.  A reverse transcription reaction mix 
composed of 3.0 µL of Single Cell VILO™ RT Mix and 1.5 µL Single SuperScript® RT 
was added to each sample tube.  Reverse transcription to obtain cDNA was 
performed in an Eppendorf Mastercycler as follows: 25°C for 10 minutes; 42°C for 
60 minutes; 85°C for 5 minutes.  Next, mouse TaqMan® Gene Expression Assays for 
targets of interest (Life Technologies, see Table 1) were combined and diluted with 
1X TE Buffer (pH 8.0) such that the final concentration for each assay was 0.2X.  A 
preamplification reaction mix, consisting of 5 µL of Single Cell PreAmp Mix and 6 µL 
of the 0.2X combined TaqMan® Gene Expression Assays, was added to each cDNA 
sample.  Preamplification was then carried out in the thermalcycler as follows: 95°C 
for 10 minutes; 95°C for 15 seconds, 60°C for 4 minutes, repeated 14 cycles; 99°C 
for 10 minutes.  The purpose of this preamplification step was to generate enough 
material to be sufficient input for qRT-PCR.   Preamplification products were diluted  
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Gene Description Assay ID 
Isl1 ISL1 transcription factor, Lim/homeodomain Mm00517585_m1 
Pvalb Parvalbumin Mm00443100_m1 
Runx3 Runt related transcription factor 3 Mm00490666_m1 
Grm3 Glutamate receptor, metabotropic 3 Mm00725298_m1 
Pth1r Parathyroid hormone 1 receptor Mm00441046_m1 
Esrrg Estrogen-related receptor gamma Mm01314576_m1 
Gabrg1 
Gamma-aminobutyric acid (GABA) A receptor, 
subunit gamma 1 
Mm00439047_m1 
















1:20 with 1X TE Buffer (pH 8.0) in preparation for qRT-PCR.  Using a 96-well plate, 
each qRT-PCR reaction was performed in triplicate, and each reaction contained the 
following: 12.5 µL of 2X TaqMan® Gene Expression Master Mix, 5 µL preamplified 
product diluted 1:20, 1.25 µL of 20X  TaqMan® Gene Expression Assay for GAPDH 
(endogenous control), 1.25 µL of 20X TaqMan® Gene Expression Assay for target of 
interest, and 5 µL of nuclease-free water.  The reactions were measured using an 
ABI Prism® 7900HT Sequence Detection System (Applied Biosystems) with the 
following conditions: 50°C for 2 minutes; 95°C for 10 minutes; 95°C for 5 seconds, 
60°C for 1 minute, repeated for 40 cycles.  Amplification data and relative gene 







Assessment of Transgenic Animal Model 
The first aim of this project was to devise and test a method that would 
enable us to analyze PSNs, their peripheral axons, and their endings in a whole 
muscle preparation.  PSNs are well known to express the calcium binding protein 
parvalbumin (Copray et al., 1994; Emfors et al., 1994; Honda, 1995; Patel et al., 
2003).  We therefore employed the cre-lox system of recombination in existing 
transgenic mouse models to produce PV-Cre/+; Rosa-tdT/+ mice in which all 
parvabumin-expressing neurons, namely PSNs, are labeled with a red fluorescent 
protein (Hippenmeyer et al., 2005).  It should be noted that as we observed the PV-
Cre/+; Rosa-tdT/+ mice at various postnatal ages, it became apparent that, in 
addition to PSNs, extrafusal muscle fibers also express parvalbumin as early as P0.  
By P7, nearly all muscle fibers displayed intense tdTomato fluorescence, at which 
point afferent labeling could no longer be discerned.  Consequently, this factor 
limited our analysis to ages up to P7. 
To test the accuracy of this transgenic labeling strategy, we compared 
immunoreactivity  for  vesicular  glutamate  transporter  1  (VGLUT1)  to  the  native  
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fluorescence of proprioceptive receptors in the PV-Cre/+; Rosa-tdT/+ neonatal 
mouse soleus (Wu et al., 2004).  We compared the native tdTomato fluorescence 
with antibody staining for VGLUT1 in the soleus muscle at age P3 and observed 
consistent overlap in both MS and GTOs as shown in Figure 1.  Representative 
confocal images show that VGLUT1 expression was largely restricted to the 
hallmark annulospiral structure of the MS and the flower-spray structure of the GTO 
as previously reported (Wu et al., 2004; de Nooij et al., 2013).  Expression of the 
tdTomato reporter was visualized in proprioceptive endings as well as axons.  These 
results confirm the accuracy or our genetic approach for labeling MS and GTOs in 
the neonatal mouse soleus.   
 
Quantification of Proprioceptive Receptors in the Mouse Soleus Muscle 
With our genetic labeling strategy in place, we next sought to quantify the 
numbers and distribution of MS and GTOs contained within the intact soleus muscle.  
A consistent characteristic of innervation of the soleus muscle is the presence of thin 
and thick branches of the common soleus nerve, which diverge prior to muscle 
entry (Figure 2).  The thin branch only supplies sensory endings housed within the 
proximal compartment of the muscle, while the thick branch provides both sensory 
and motor innervation to the remainder of the muscle (Vult von Steyern, 1999).  
Compressing live soleus muscle tissue between a glass slide and coverslip allowed 
us to rapidly document MS and GTO counts in the entire soleus as well as to 
determine  whether  a  given proprioceptor was supplied axons via the thick branch, 
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Figure 1.  The PV-Cre/+; Rosa-tdT/+ transgenic mouse model accurately 
labeled MS and GTOs in the neonatal mouse soleus.  Examples of native 
tdTomato fluorescence in a MS (A – C) and in a GTO (D – F) compared to VGLUT1 
antibody stain.  Note that VGLUT1 expression was largely restricted to the 
proprioceptive receptor terminals, while parvalbumin expression was observed in 











































Figure 2.  The soleus muscle offered a unique setting for the study of 
proprioceptors.  (A) Schematic representation of the extramuscular bifurcation of 
the soleus nerve in to thin and thick branches and the distribution of MS and GTOs 
within the muscle.  (B) Example of fluorescently labeled proprioceptive afferents 
and terminals observed in a PV-Cre/+; Rosa-tdT/+ mouse at age P5 using the 



























































the thin branch, or both.  Our survey of 19 PV-Cre/+; Rosa-tdT/+ mice ages P3 to P7 
found the right soleus muscle to contain 10.8 ± 0.3 MS and 5.2 ± 0.2 GTOs (data 
reported as mean ± SEM; Figure 3A).  Our MS counts for the soleus muscle are 
consistent with other murine MS counts reported previously from data collected 
from serial sections (Tourtellotte et al., 2001; Patel et al., 2003; Lionikas et al., 
2013). 
Given the individual variability we observed in the numbers of MS and GTOs 
contained within the whole soleus nerve, we asked whether above average MS 
counts were linked to below average GTO counts.  Our data suggests that this is not 
the case (Figure 3B).  Animals with above average total MS counts still tended to 
have GTOs either equal to or above our calculated average number of GTOs.  
Animals with below average MS counts still maintained the average number of 
GTOs.  Likewise, above average GTO counts did not necessarily indicate fewer MS, 
and fewer GTOs did not appear to indicate elevated MS.  In summary, our analysis 
showed that numbers of MS and GTOs in the soleus muscle vary independently.   
When we focused our analysis on just the thin branch of the soleus nerve, our 
results revealed the following subset of proprioceptors, namely 1.7 ± 0.2 MS and 2.8 
± 0.8 GTOs (Figure 3C).  Again, our results are in close agreement with results 
presented by Tourtellotte et al., 2001.  Interestingly, 6 of the 19 mice studied 
(31.6%), contained a MS located in the proximal compartment of the soleus muscle 
innervated by sensory axons from both the thick and thin branches of the soleus 
nerve.  Taken together, the results of these experiments show that the PV-Cre/+;  
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Figure 3.  Quantitative analysis of proprioceptive receptors within the soleus 
muscle.  The PV-Cre/+; Rosa-tdT/+ transgenic mouse model provided ease of 
identifying and quantifying proprioceptive receptors in a whole-mount soleus 
muscle preparation at early postnatal ages.  (A) Our survey of 19 mice ages P3 to P7 
found the right soleus muscle to contain 10.8 ± 0.3 MS and 5.2 ± 0.2 GTOs (mean ± 
SEM).  (B) Proprioceptive receptor class populations within the mouse soleus 
appeared to vary independently.  Above average total MS counts were not found to 
occur at the expense of total numbers of GTOs.  Below average MS counts occurred 
along with average or above average GTO counts.  Likewise, above average GTO 
counts did not necessarily indicate fewer MS.  Fewer GTOs did not result in elevated 
MS.  (C) Our results further showed that the thin branch of the soleus nerve supplies 
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Individual Variability of Proprioceptive Receptors 














Individual Variability of Proprioceptive Receptors 





















Numbers and Types of Proprioceptive Receptors  





Rosa-tdT/+ transgenic mouse model is an accurate method of labeling 
proprioceptive receptors in the intact soleus muscle at early postnatal ages. 
 
Analysis of Proprioceptive Sensory Axons in the Mouse Soleus Muscle 
The second aim of the project was to determine the number of PSNs that 
project to the soleus muscle by analyzing the numbers of axons supplying each 
proprioceptive receptor at higher magnification.  Using 4 PV-Cre/+; Rosa-tdT/+ 
mice ages P3 to P5, we again employed the soleus muscle compression technique, 
but also added a brief 4% PFA fixation step to the process.  The native fluorescence 
of the transgenic animals was well preserved through the fixation and prevented 
degradation of the sensory endings.  We imaged each muscle preparation at two 
levels of magnification with confocal imaging.  First, we scanned the entire muscle at 
20X and generated composite images to serve as a general map of the 
proprioceptive innervation (Figures 4, 6, 8, and 10).  Second, we scanned a subset of 
MS, GTOs, and their associated afferents at 60X to obtain detailed maps that 
represent the diversity in the numbers of axons supplying a given proprioceptive 
receptor in the mouse soleus (Figures 5, 7, 9, and 11).  In total, the 4 muscles 
analyzed in these experiments contained 40 MS and 20 GTOs.  We excluded 1 






Figure 4.  Animal 1: composite 20X image of proprioceptive innervation within 
the soleus muscle.  Representative MS (green boxes) and GTOs (pink boxes) were 






































Figure 5.  Animal 1: composite 60X images of representative MS (green boxes), 
and GTOs (pink boxes).  (A and C) GTO 1 and GTO 2, each supplied by a single Ib 
axon via the thin branch of the soleus nerve.  (B) Spindle A, supplied by two 
proprioceptive axons via the thin branch of the soleus nerve.  (D) Spindle B with 
three associated proprioceptive axons, two via the thick branch and one via the thin 
branch.  (E) Spindle C with three associated proprioceptive axons all supplied via 
the thick branch.  (F) Spindle D with four associated proprioceptive axons, three via 









































Figure 6.  Animal 2: composite 20X image of proprioceptive innervation within 
the soleus muscle.  Representative MS (green boxes) and GTOs (pink boxes) were 






































Figure 7.  Animal 2: composite 60X images of representative MS (green boxes), 
and GTOs (pink boxes).  (A) The complete proprioceptive innervation of the thin 
branch.  Note the absence of MS here.  In this case, only GTOs were present on the 
thin branch.  (B) Spindle A was supplied by four proprioceptive axons all via the 
thick branch.  (C) Spindle B had two proprioceptive axons.  (D)  Spindle C was 
supplied by three proprioceptive axons.  (E) Spindle D had three proprioceptive 
axons.  (F) Spindle E had just one proprioceptive axon.  (G) Spindle F was supplied 









































Figure 8.  Animal 3: composite 20X image of proprioceptive innervation within 
the soleus muscle.  Representative MS (green boxes) and GTOs (pink boxes) were 









































Figure 9.  Animal 3: composite 60X images of representative MS (green boxes), 
and GTOs (pink boxes).  (A) This composite image shows the proprioceptive 
innervation of this soleus nerve thin branch in its entirety.  In this muscle, the thin 
branch contained four proprioceptive axons, which are all accounted for in this 
image (three axons to GTOs and one axon to Spindle A).  (B) Spindle A is supplied by 
three proprioceptive axons, one via the thin branch and two via the thick branch.  
Spindle B is an example of a MS supplied by just a single proprioceptive axon.  (C) 
Spindle C is an example of a MS supplied by two proprioceptive axons.  (D) Spindle 








































Figure 10.  Animal 4: composite 20X image of proprioceptive innervation 
within the soleus muscle.  This muscle was unique in that it presented with two 
thin branches, both with proprioceptive axons supplying MS and GTOs.  Compared 
to the other three muscles, this muscle did have the largest number of 
proprioceptive axons; however, it did not have the most MS and GTOs.  
Representative MS (green boxes) and GTOs (pink boxes) were selected for high 
































Figure 11.  Animal 4: composite 60X images of representative MS (green 
boxes), and GTOs (pink boxes).  (A) GTO 1 from the more proximal thin branch of 
the soleus nerve.  (B) GTO 2 from the more distal thin branch of the soleus nerve.  
(C) Spindle A had three proprioceptive axons all supplied via the proximal thin 
branch of the soleus nerve.  (D) Spindles B and C were each supplied two 
proprioceptive axons, all of which were bundled together with the axon for GTO 2 in 
the distal thin branch of the soleus nerve.  (E) Spindle D is the only MS observed in 
these experiments that was supplied by five proprioceptive axons.  (F) Spindle E 
was supplied by two proprioceptive axons; however, each of those axons displayed 
some branching patterns prior to reaching their termination points at the spindle.  
(G) Spindle F was supplied by two proprioceptive axons.  (H) Spindle G was 
supplied by four proprioceptive axons.  (I) Spindle H was supplied by four 
proprioceptive axons.  Three of those axons were from a common axon bundle that 
defasciculated together off of the thick branch.  The remaining axon came from a 
different axon bundle that originated from a more proximal defasciculation point on 
































Results from confocal imaging confirmed that individual GTOs were 
consistently innervated by a single proprioceptive axon, namely a Ib afferent (n = 20 
GTOs).  On the contrary, numbers of proprioceptive axons innervating individual MS 
were more variable, ranging from 1 to 5 axons.  MS innervated by more than one 
axon (82.1%) were supplied by a combination of Group Ia and II axons.  Most 
frequently, we found a given MS to be supplied by two proprioceptive axons (2.3 ± 
0.2, n = 39 spindles, Figure 12).  In addition to proprioceptive axon quantification 
for individual MS and GTOs, the confocal images also allowed us to document the 
total number of proprioceptive axons housed within the thin branch as well as the 
whole soleus nerve (Figure 13).  In these experiments, we found the soleus nerve to 
contain proprioceptive axons ranging from 21 to 36 (27.5 ± 3.1) in total.  Our 
analysis further revealed 4 to 9 (6.0 ± 1.1) proprioceptive axons within the thin 
branch.  In all cases, Ib axons were present in the thin branch of the soleus nerve.  
Spindle afferents, however, were variably present in the thin branch, in populations 
ranging from 0 to 7 (3.0 ± 1.6).   
Overall, the results documented throughout the second aim of this project 
enabled us to deepen our understanding of the quantities of spindle afferents that 
innervate the soleus muscle and the possible routes they follow to reach their 
targets during development.  Our analysis suggests that the thin branch of the 
mouse soleus nerve often contains a mix of Ia and II spindle afferents; however, it 




Figure 12.  Variable numbers of proprioceptive sensory neurons supplied MS 
within the mouse soleus muscle.  Of the 39 total MS analyzed from four different 
animals, nearly half were supplied by two proprioceptive afferents.  Error bars 
























































The Variability of Proprioceptive Afferents   
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Figure 13.  Quantification of proprioceptive axons from cross-sectional views 
of the thick and thin branches of the soleus nerve agreed with results obtained 
from the high magnification analysis of MS and GTOs.  (A and D) Confocal 
images (60X) of the proprioceptive axons contained within the soleus thick and thin 
branches, respectively (Animal 2, PV-Cre/+; Rosa-tdT/+, P5).  The yellow dashed 
line in (D) indicates the region of interest shown in (E).  (B and C) By examining the 
cross section of this thick branch, we were able to count the 22 proprioceptive 
axons contained therein, which was equal to the total number of proprioceptive 
afferents found to supply the MS and GTOs associated with this branch.  Vertical 
yellow line indicates location of cross section.    (E and F) This thin branch was 
found to contain five proprioceptive axons, which, interestingly, was also equal to 
the five axons supplying solely GTOs in this particular animal.  Horizontal yellow 




































result, this model system may provide a useful tool in future analysis of muscle 
spindle and GTO maturation during embryonic and early postnatal development. 
 
Molecular Screening of Proprioceptive Sensory Neurons 
The third aim of this project was to collect single fluorescently labeled cells 
from the DRG and use qRT-PCR to conduct a preliminary screening for differences 
gene expression among PSNs.  We performed retrograde backfills of the quadriceps 
nerve in 3 WT and 2 PV-Cre/+; Rosa-26/+ animals in order to label a large 
population of quadriceps-specific sensory neurons in DRG-L3 and DRG-L4.  The 
peripheral nerve supplying the quadriceps muscles, which are responsible for knee 
extension, was chosen for retrograde tracing due to the large number of 
proprioceptive afferents contained within it.  Previous experiments have 
demonstrated that filling the quadriceps nerve labels 300 to 400 neurons 
distributed between the dorsal root ganglia at lumbar segments 3 and 4 (DRG-L3 
and DRG-L4, B. Gosky and M. Dallman, personal communication).  This approach 
ensured that a large population of PSNs would be eligible for single cell isolation and 
molecular screening.  In addition, the quadriceps nerve was a logical target for PSN 
labeling at this stage because future experiments will entail utilizing this nerve for 
the electrophysiological identification of PSNs via intracellular recordings. 
Single cells (n = 13 cells) were then extracted from DRG slices as shown in 
Figure 14 and subsequently analyzed for expression of 8 genes listed in Table 1.  
One additional sample served as a negative control and contained solution from a  
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Figure 14.  Illustration of experimental procedure for single-cell capture from 
DRG slices.  This 2-photon image was taken from a P6 WT mouse following 
peroneal nerve backfill with Rhodamine dextran.  The dotted line in each panel 
represents the approximate outline of the glass pipette used for single-cell capture.  
(A) FITC dextran was pre-loaded into the pipette to aid in visualizing the pipette 
during navigation to the DRG slice.  Here, we show a cell shadow that is created by 
the fluorescence of the FITC dextran.  (B) A large cell brightly labeled with 
rhodamine dextran was successfully captured.  Notice that the bright cell within the 







































pipette in which no cells were aspirated, but that was placed in the chamber near 
the DRG.  No expression of any of the eight genes chosen was detected in this 
sample.  Conversely, all samples containing cellular material showed successful gene 
expression of the endogenous control gene, GAPDH, as illustrated by qRT-PCR 
amplification data (Figure 15).  Furthermore, the well-established marker of DRG 
neurons, Isl1, was detected in all cells (Figure 16).  All qRT-PCR reactions were 
performed in triplicate, which resulted in 336 total wells processed.  Of those 336 
wells, only 2 were excluded from our results due to inconsistent amplification data.  
Also, of the 8 genes we selected for screening, Grm3 was the only target not detected 
in any of the samples (Figure 19). 
  In order to compare relative gene expression among PSNs, we first needed 
to classify each cell as proprioceptive or non-proprioceptive according to the results 
of gene expression.  One cell sample (Cell 12) was specifically chosen as a non-
proprioceptive sensory neuron (non-PSN) because of its lack of PV-tdT expression.  
This served as our calibrator sample when comparing gene expression differences.  
In these experiments, a cell was classified as a PSN if it co-expressed Pvalb and 
Runx3 at levels above the non-proprioceptive calibrator sample, Cell 12.  
Amplification data for Pvalb and Runx3 is presented in Figure 15.  Of the 7 WT cells 
collected, we were only able to identify 1 PSN based on gene expression; however 3 
out of the 5 PV-Cre/+; Rosa-tdT/+ cells displayed Pvalb and Runx3 expression at 
higher levels relative to the calibrator sample (Figure 16).  These results imply that, 
compared to WT, the transgenic mouse model may be the more effective option for 
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Figure 15.  Amplification curves demonstrated technical success of qRT-PCR.  
All qRT-PCR wells that contained cellular material showed successful gene 
expression.  (A) This is the amplification curve for our endogenous control gene, 
GAPDH.  The only sample that did not amplify was our negative control sample that 
contained only FITC dextran and ACSF (no cellular material).  (B) Amplification 
curve for Pvalb shows that all samples amplified except for our negative control 
sample. (C) Amplification curve for Runx3.  In addition to the negative control 
sample, Runx3 was not expressed by Cell 5 and Cell 8.  In each graph, Rn represents 
the normalized reporter signal, which is the emission intensity of the reporter dye 







































Figure 16.  Gene expression results for known markers of PSNs.  All cells 
expressed Isl1, a well-known marker for DRG neurons.  Relative co-expression of 
Pvalb and Runx3 higher than the non-proprioceptive calibrator sample (Cell 12) was 
used to confirm PSN identity.  As a result, Cell 7 was the only WT cell confirmed to 
be a PSN.  On the other hand, 3 out of the 5 PV-Cre/+; Rosa-tdT/+ cells displayed 
Pvalb and Runx3 expression at higher levels relative to the calibrator sample.  
Overall, 4 out of 12 cells collected were confirmed PSNs (highlighted in yellow).  






































Co-expression of Pvalb and Runx3 Confirmed PSN Classification 
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isolating PSNs using this technique.  Overall, 4 out of 12 cells collected were 
confirmed PSNs and were thus the focus of the remaining analysis. 
When comparing and contrasting the relative expression results of the 4 
confirmed PSNs, we made several interesting observations.  First, two of the PSNs, 
Cell 11 and Cell 13, expressed Gabrg1 at very high levels relative to the calibrator, 
while the other two did not appear to express it at all (Figure 17).  Gabrg1 encodes 
the gamma 1 subunit of GABAA receptors.  This data suggests that Gabrg1 may be 
expressed by a subset of PSNs.  The overall patterns of expression for all tested 
genes in Cell 11 and Cell 13 were quite similar.  Nevertheless, contamination 
between these samples is unlikely because these two cells were collected from two 
different animals on separate days.  Furthermore, these two cells were also 
processed for qRT-PCR in two different plates on separate days.  Interestingly, two 
non-PSNs, Cell 1 and Cell 8, also displayed very high levels of Gabrg1 (Figure 18A).  
To be clear, the relatively high Gabrg1 expression levels observed in Cells 1, 7, 8, 11, 
and 13 are not necessarily indicative of the absolute abundance of the transcript.  
Inspection of the amplification curve for Gabrg1 (Figure 18B), demonstrates that 
when compared to amplification curves of other gene targets, Gabrg1 required more 
cycles to reach threshold for detection, and this indicates that Gabrg1 is a relatively 
low-copy transcript even in the cells that express it.  From these results, we 
conclude that while Gabrg1 did not seem to mark a subset of PSNs distinct from all 




Figure 17.  Gabrg1 was differentially expressed among confirmed PSNs.  Of the 
four confirmed PSNs, Cell 11 and Cell 13 expressed Gabrg1 at very high levels 
relative to the non-proprioceptive calibrator, while Cell 7 and Cell 9 did not express 











































Gabrg1 was Differentially Expressed among Confirmed PSNs 
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Figure 18.  Differential Gabrg1 expression was not restricted to PSNs.  (A) This 
graph shows the expression of Gabrg1 in all cells collected.  In addition to confirmed 
PSNs Cell 11 and Cell 13, Gabrg1 was expressed in two non-PSNs, Cell 1 and Cell 8.  
PSNs are highlighted in yellow.  Error bars represent 95% confidence interval.  (B) 
The amplification curve for Gabrg1 indicates that Cells 1, 8, 11, and 13 did amplify, 
however, this data suggests that Gabrg1 transcripts were not abundantly expressed 
due to the increased number of cycles needed to reach threshold for detection.  Cell 
12 was the calibrator sample.  Rn represents the normalized reporter signal, which 
is the emission intensity of the reporter dye divided by the emission intensity of the 








































Although Gabrg1 was the only gene to show differential expression in an on-
off manner, the results from Esrrg (Estrogen-related related receptor gamma) and 
Pth1r (Parathyroid hormone 1 receptor) expression also provided interesting 
information.  Esrrg and Pth1r were expressed at relatively higher levels in the 4 
confirmed PSNs compared to the non-PSNs; therefore, these transcripts could be 
useful as general markers for PSNs (Figure 19).  Finally, Stac2 (an adapter protein) 
appeared to be expressed in PSNs at levels similar to that of the calibrator cell, and 
did not vary in a distinct pattern among cell types in our data set (Figure 19).  Taken 
together, results of Aim 3 establish Gabrg1 as a candidate for potential genetic 
differences among PSNs, and Esrrg and Pth1r may be additional markers that define 















Figure 19.  Gene expression results support Esrrg and Pth1r as positive 
markers of PSNs.  Esrrg and Pth1r were expressed at higher levels in the four 
confirmed PSNs compared to the non-PSNs (PSNs highlighted in yellow).  Stac2 
appeared to be expressed at relatively lower levels as well as to vary among all cell 
types.  Grm3 was the only gene not detected in any of the samples.  Cell 12 was the 































For decades, MS and GTOs were commonly observed by preparing ultra-thin 
transverse or longitudinal serial sections of skeletal muscle for imaging via electron 
microscopy, and countless micrographs were then reconstructed for analysis 
(Milburn, 1973; Kozeka and Ontell, 1981; Kucera et al., 1988; Jami, 1992; Zelena, 
1996).  In addition, a silver staining protocol was applied to teased MS preparations 
to observe intact structures with light microscopy (Barker and Ip, 1963).  
Altogether, a wealth of insight and knowledge was gained surrounding the fine 
ultrastructure and development of MS and GTOs, with MS receiving the majority of 
investigators’ attention.  These landmark, but tremendously time consuming, 
anatomical studies were conducted primarily in cats and rats, although mice are 
quickly becoming a prevalent model because of the elegant genetic manipulations 
that are possible (Lionikas et al., 2013).   
For this project, we were interested in assessing a transgenic mouse model 
for the molecular comparison of PSNs that extend their afferent axons specifically to 
MS or GTOs.  The PV-Cre/+; Rosa-tdT/+ mice expressed tdTomato, a dimeric red 
fluorescent protein in all PSNs, which allowed us to begin by quantifying the entire 
proprioceptive sensory innervation within the intact soleus muscle.  This approach 
is advantageous because it promises to be much easier to use whole-mount muscle 
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preparations compared to transverse, thin sections.  In Aim 1 of this project, we 
documented an average of 10.8 ± 0.3 MS in the mouse soleus muscle.  The results of 
these experiments are in good standing with other published results: 12.5 ± 0.5 MS 
in mice of a BL/6-129SvJ hybrid background (Tourtellotte et al., 2001); 11.2 MS in 
mice bred on 129/Bl6 and C57Bl/6 backgrounds (Patel et al., 2003); 10 and 11 MS 
in C57BL/6J mice (Lionikas et al., 2013).  In addition, our MS and GTO counts in the 
thin branch replicated the 1.8 ± 0.4 MS and 2.8 ± 0.2 GTOs reported from serial 
sections (Tourtellotte et al., 2001).  Our optimized whole-mount soleus muscle 
experiments in PV-Cre/tdT; Rosa-tdT/+ mice allowed not only for rapid 
quantification of proprioceptive receptors, but also yielded equally informative 
results compared with other techniques. 
 
The Soleus Muscle: Advantages and Challenges 
We selected the soleus as the muscle of interest for the first two aims of this 
project for three reasons.  First, early on in the characterization of the PV-Cre/+; 
Rosa-tdT/+ mouse model, it became readily apparent that parvalbumin expression 
was not solely limited to proprioceptive afferents and their endings in the muscle.  
In fact, at P0 we observed native fluorescence in some extrafusal muscle fibers of 
certain muscles such as the gluteus maximus and the rectus femoris.  By P7, nearly 
all muscle fibers were brightly labeled making it impossible to discern 
proprioceptive innervation within skeletal muscle.  Mouse skeletal muscles, 
especially fast muscle fibers, are known to contain high concentrations of 
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parvalbumin compared to other mammalian species (Heizmann et al., 1982).   In the 
genetic background used in these experiments, however, the C57BL/6J soleus 
contains predominantly slow muscle fibers (Augusto et al, 2004).  We chose to 
pursue our experiments in the soleus of PV-Cre/+; Rosa-tdT/+ animals and 
restricted our experimental ages to P3 to P7 in order to avoid the caveat stemming 
from parvalbumin expression in the muscle fibers.  We did explore an alternative 
approach using Advillin-Cre (Adv-Cre) mice in place of the PV-Cre driver.  In these 
mice, all peripheral sensory neurons are labeled by the fluorescent reporter 
(Zurborg et al., 2011).  When we attempted proprioceptive receptor counts in the 
soleus muscles of these animals, data collection was hampered by the increased 
presence of labeled afferents in the muscle.  Proprioceptive afferents and receptors 
were often occluded by presumably Group III and IV muscle afferents to such a 
degree that definitive MS and GTO counts and axon associations could not be made 
(data not shown).  In order to expand future experiments to other muscles or later 
developmental stages, it will be necessary to investigate alternate lines of 
fluorescent reporter mice for a neuronal specific promoter, for instance, that could 
be more effectively paired with PV-Cre or Adv-Cre driver mice. 
A second technical difficulty minimized by the soleus was the confounding 
factor of light scatter when attempting to image deep into muscle tissue.  
Compressing the soleus down to a thickness of approximately 200 µm was a critical 
step in obtaining high quality confocal images for data collection (Vult von Steyern, 
1999).  Prior to deciding on the compressed muscle preparation, we did attempt 
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several tissue clearing protocols on uncompressed muscle tissue including 
tetrahydrofuran (THF) with benzyl alcohol and benzyl benzoate (BABB), Scale, 
ethanol and glycerol, and CLARITY (Erturk et al., 2012; Hama et al., 2011; Oliveira, 
2010; Chung et al., 2013).  The THF and BABB tissue clearing protocol completely 
quenched the native fluorescence of the PV-Cre/+; Rosa-tdT/+ animals as well as 
resulted in significant shrinking of the muscle preparation.  The remaining clearing 
protocols we attempted were unsuccessful in rendering muscle tissue optically 
transparent. 
A third reason for choosing the soleus for our experiments was a unique 
anatomical feature in which the soleus nerve bifurcates into stereotyped thin and 
thick branches prior to muscle entry (Figure 2).   The thin branch of the soleus nerve 
innervates the proximal compartment of the muscle while the thick branch supplies 
the remainder of the muscle.  Interestingly, a series of retrograde tracing 
experiments was used to determine that the thin branch does not contain any alpha 
motor axons; however, it may contain gamma motor axons associated with MS (Vult 
von Steyern et al., 1999).  In our Aim 2 experiments, we found the thin branch of the 
soleus to contain 4 to 9 (6.0 ± 1.1) proprioceptive axons, which translates to 4 to 9 
PSNs housed within DRGs L5 and/or L6.  Based on these results, we hypothesized 
that the thin branch of the soleus nerve could prove to be quite useful in identifying 





Cell Capture Technique was Optimized Using the Peroneal Nerve 
Our Aim 2 results predict that a retrograde backfill of FITC dextran via the 
soleus nerve thin branch of a PV-Cre/+; Rosa-tdT/+ mouse would result in 
approximately 4 to 9 PSNs being fluorescently co-labeled between DRG-L5 and DRG-
L6.  If, for example, we could then enzymatically and mechanically dissociate the 
DRGs and recover that entire population of co-labeled PSNs for genetic screening, 
we could look for emergent differences and/or patterns in gene expression among 
that known population of PSNs (Jankowski et al., 2006).  Additionally, having the 
ability to observe and count the actual MS and GTOs in the intact soleus, as in Aim 1 
of this project, we would also be able to know the termination points of all of the 
thin branch proprioceptive afferents, which could potentially correlate with the 
gene expression data.  Retrograde fills via the whole soleus nerve proved to be 
technically challenging, however, and filling the thin branch of the soleus nerve was 
not even attempted at this stage.  Technical challenges were further encountered in 
our efforts with DRG dissociation in that our labeled cell recovery rates were very 
low (data not shown).  
It became clear to us that perhaps having larger populations of labeled DRG 
neurons available would be advantageous at this stage, as the primary purpose of 
this thesis is optimizing techniques that would ultimately allow us to make 
molecular comparisons between PSNs.  To this end, we ventured away from the 
soleus muscle for gene expression analysis; however, the knowledge gained 
throughout the anatomical characterization of proprioceptive receptors and 
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afferents in the whole-mount soleus preparation may prove to be invaluable at 
future stages for the testing of candidate markers of PSN subclasses.  We thus opted 
to perform retrograde backfills with FITC dextran using the peroneal nerve. The 
peroneal nerve innervates the anterior compartment of the distal hind limb, and 
sensory neurons sending axons through this nerve are found in DRG-L4 and DRG-
L5.  By selecting this larger nerve for backfill, we effectively increased the number of 
labeled cells available for capture.  This nerve was used in a pilot experiment 
conducted as outlined in the methods for Aim 3 using a P4 PV-Cre/+; Rosa-tdT/+ 
animal.  A total of 4 single cells were captured for qRT-PCR: 1 PV-Cre/+; Rosa-tdT 
cell, 1 FITC dextran labeled cell, and 2 cells that were co-labeled with the tdTomato 
reporter and FITC dextran.  Using qRT-PCR, these cells were screened for the 
expression of known markers of DRG neurons and PSNs including Islet1 (Isl1), 
parvalbumin (Pvalb), and Runx3 as proof of principle for the cell capture technique 
(Copray et al., 1994; Ernfors et al., 1994; Honda, 1995; Chen, et al., 2003; Patel et al., 
2003; Hippenmeyer et al., 2005; Sun et al., 2008; de Nooij et al., 2013).  Results of 
this pilot experiment were quite encouraging (data not shown), but we chose to 
focus on backfills of the quadriceps nerve for the remaining experiments in this 
thesis, as it will directly pertain to future electrophysiological experiments that will 






tdTomato Crosstalk Obstructed Determination of Muscle-Specific Gene Expression 
There is growing evidence that genes common to all PSNs are not uniformly 
expressed and regulated across PSNs innervating different muscle targets.  For 
example, Er81 is a transcription factor expressed by all PSN, but in Er81-/- animals 
MS afferents are differentially affected along the proximal/distal axis of the hind 
limb.  Proximal hind limb muscles of Er81-/- animals showed a significant loss of 
spindle sensory endings, but moving more distally along the hind limb, the loss of 
spindle sensory endings waned (de Nooij et al., 2013).  In fact, in the gastrocnemius 
and soleus muscles, loss of Er81 actually resulted in an increase in the total number 
of MS per muscle (Kucera et al., 2002; de Nooij et al., 2013).  This sensitivity to loss 
of Er81 appears to inversely correlate with the amount of NT3 present at peripheral 
targets.  In other words, more distal muscle targets are enriched with NT3 and show 
lower dependence on Er81 for the differentiation and provision of spindle sensory 
endings (de Nooij et al., 2013). 
With this knowledge in mind, we reasoned it would be important for 
molecular comparisons to be performed among a subset of PSNs specific to one 
muscle group, and we settled on the quadriceps.  For the WT single cell capture 
experiments, we retrogradely filled the quadriceps nerve with rhodamine dextran.  
All of the red labeled cells in DRG-L3 and DRG-L4 represented quadriceps-specific 
sensory neurons, but may or may not be PSNs.  It was therefore imperative to 
confirm proprioceptive identity according to the co-expression of Pvalb and Runx3.  
Of all the WT neurons collected, Cell 7 was the only one that was a confirmed 
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quadriceps-specific PSN.  Analysis of the nerve branch common to the lateral 
gastrocnemius and soleus muscles in the cat described the sensory fiber 
composition to be approximately one-third myelinated fibers and two-thirds 
unmyelinated fibers (Mense, 2010).  Not all muscle nerves echo this exact 
distribution of sensory afferents, however, the presence of unmyelinated muscle 
afferents in muscle nerves could reasonably contribute to our outcome of only 1 
PSN out of 7 WT DRG neurons collected (Mense, 2010; Stacey, 1969). 
For the PV-Cre/+; Rosa-tdT/+ single cell capture experiments, all PSNs were 
genetically labeled red, so we retrogradely filled the quadriceps nerve with FITC 
dextran in order to secure a quadriceps-specific population of red and green co-
labeled PSNs for molecular comparison.  It was discovered during the course of 
these experiments that the intense tdTomato fluorescence actually bleeds through 
into the FITC channel.  In other words, all of the red labeled cells were also visible in 
the FITC channel, making it very difficult to identify authentic co-labeled PSNs.  As a 
result, we can confidently report that the cells collected from these experiments 
were PV positive based on red fluorescence; however, these cells may or may not be 
quadriceps-specific due to the tdTomato crosstalk.   
This possibility, in fact, may be demonstrated in our results.  In Figure 17, PV-
Cre/+; Rosa-tdT/+ Cell 8 and Cell 10 both expressed Pvalb, but they were excluded 
from the PSNs based on relatively low Runx3 expression.  Due to the crosstalk 
factor, it is possible that these cells were not quadriceps-specific, and could rather 
be representatives of a population of cutaneous mechanoreceptors, including 
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Pacinian, Meissner, and Lanceolate endings, which are known to express Pvalb, but 
not Runx3 (de Nooij et al., 2013).  To avoid this concern in the future, perhaps using 
a blue fluorescent dextran (i.e., cascade blue) for retrograde fills or exploring new 
fluorescent reporter mouse lines would eliminate the crosstalk.  It may also be to 
our advantage to include additional positive marker genes, such as TrkC and Er81 
for thorough identification of PSNs. 
 
Rationale for Candidate Gene Targets in Relation to Results from Gene Expression 
 When compiling a panel of genes to be included in the qRT-PCR screening, 
we included known markers as well as candidates for differential expression 
identified in the literature (Table 1).  First, Isl1 is a transcription factor common 
among all DRG sensory neurons, and as expected, all of our captured cells expressed 
Isl1 (Sun et al., 2008).  Pvalb, the gene that encodes the calcium binding protein 
parvalbumin, has been discussed throughout this thesis as a well-known marker for 
PSNs (Copray et al., 1994; Ernfors et al., 1994; Honda, 1995; Patel et al., 2003).  The 
transcription factor Runx3 regulates PSN axonal trajectory to central and peripheral 
targets and is also known to mark PSNs, especially when Pvalb is also expressed 
(Inoue et al., 2002; de Nooij et al., 2013).  Taken together Isl1, Pvalb, and Runx3 
served as positive controls for the genetic screening and allowed us to confirm the 
identities of 4 PSNs from our data set. 
We hypothesized that the cell fates of PSNs as Group Ia, Ib, and II afferents 
are genetically pre-programmed.  Consequently, we searched the literature for 
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instances where a particular gene was expressed in a subset of PSNs.  While this 
could represent an incidental finding to others, it could be invaluable in our 
endeavor to uncover distinct genes expressed by PSN subclasses.  In a study by 
Legha et al., investigators employed Affymetrix microarrays to compare gene 
expression between WT and trkAtrkC/trkC knock-in mice.  Inserting trkC at the trkA 
locus eliminates the trkA neuronal phenotype and greatly increases the number of 
neurons having a PSN phenotype in DRG-L5 (Moqrich et al., 2004).  Comparing 
genomic profiles of these mice to WT mice showed that most, but not all TrkC-
positive DRG neurons co-expressed stac2, which is an adapter protein likely 
involved in setting up protein interactions within signaling pathways (Legha et al., 
2010; Suzuki et al., 1996).  The relative expression from our qRT-PCR results 
showed that stac2 varied among all cells collected, and there are a couple of insights 
that may support this.  First, we have a very small sample size represented in our 
dataset; therefore, differential expression of stac2 may not have been observed 
among PSNs.  Second, the expression pattern of stac2 in DRG neurons has been 
shown to change throughout the first postnatal week.  At birth, stac2 is restricted to 
large diameter neurons; however, at some point during the first week of life, this 
expression spreads to other classes of sensory neurons before finally settling in 
TrkB and TrkC populations (Legha et al., 2010).  Due to this complicated timeline 
surrounding expression of this gene, we conclude that stac2 may not be the ideal 
candidate for detecting class differences among PSNs. 
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 Other putative PSN marker genes, Esrrg, Pth1r, Grm3, and Gabrg1, were all 
gathered from a study that sought to track the effects on gene transcription by 
varying the amount of NT3 that was available in the periphery (Lee et al., 2012).  To 
begin, the authors used TrkCGFP labeling as a delineator to sort PSNs and non-PSNs.  
This allowed them to compare and contrast global gene expression between the two 
groups using Affymetrix gene chip technology.  As a result, they were able to identify 
and confirm many new genes highly expressed in PSNs alone, including Esrrg, Pth1r, 
Grm3, and Gabrg1.   
Interestingly, Esrrg, which encodes Estrogen-related receptor gamma, had 
been shown previously to be highly expressed in gamma MNs, but not at all in alpha 
MNs (Friese et al., 2009; Lee et al., 2012).  Because of this precedent for selective 
expression among subsets of neurons belonging to the same class, we opted to 
include Esrrg in our list of candidates.  Our results revealed consistently higher 
levels of Esrrg expression in PSNs versus non-PSNs and so confirmed previous 
findings by Lee et al.  Pth1r encodes the Parathyroid hormone 1 receptor and is 
understood to function in skeletal development; however, a role for Pth1r has not 
been established in the proprioceptive feedback system (Wu et al., 2010).  Pth1r 
expression was demonstrated at high levels in PSNs and eliminated completely from 
the DRG in TrkC-/- mutants, a genetic manipulation that causes PSNs to die (Lee et 
al., 2012).  If expression of a particular gene, in this case Pth1r, is found in only a 
fraction of DRG neurons and is totally absent from the DRG in a PSN-specific knock-
out, then it is very likely to be a PSN-specific gene.  According to this logic, we 
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incorporated Pth1r into our list of targets for molecular comparison.  Our gene 
expression data likewise placed Pth1r at higher relative expression levels in PSNs 
compared to non-PSNs.  Taken together, we conclude that Esrrg and Pth1r may 
mark the PSN population inclusively, but neither was expressed in a manner that 
would suggest selectivity among PSN subclasses. 
Similar to Esrrg and Pth1r, the expression of Grm3, which encodes 
Metabotropic glutamate receptor 3, was effectively eliminated in DRGs of TrkC-/- 
mice, but its native expression pattern in the DRG was much more scarce compared 
to the expression patterns of Esrrg and Pth1r (Lee et al., 2012).  Based on this 
observation, the authors concluded that Grm3 was expressed by a subpopulation of 
PSN, which prompted us to screen for Grm3 expression in our experiments.  Our 
results showed no expression of Grm3 in any of the cells we collected, yet our 
endogenous control gene, GAPDH, was successfully amplified in the wells shared 
with Grm3.  One possibility is that the low density expression of Grm3 in the DRG 
reported by Lee et al. combined with our small sample size, means we may not have 
selected PSNs that expressed it. 
 
Differential Expression of Gabrg1 Among PSNs  
Gabrg1 encodes the GABAA receptor gamma 1 subunit.  Briefly, GABAA 
receptors are pentameric ligand-gated ion channels, containing 2 alpha subunits, 2 
beta subunits and 1 gamma subunit, all of which have multiple isoforms (Nicholls et 
al., 2012).   Gabrg1 was a central focus for Lee et al. because varying the amount of 
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NT3 produced the most dramatic effects on Gabrg1 transcription in confirmed PSNs 
(Lee et al., 2012).  In other words, when NT3 was abolished, Gabrg1 expression was 
nearly absent in PSNs, and when NT3 was elevated, Gabrg1 showed increased 
expression (Lee et al., 2012).  Gabrg1 was also shown to be distributed unevenly in 
segments along the rostral-caudal axis. Expression was lowest in L1 and increased 
in caudal segments, peaking in L5.  L6 expression, however, was similar to that in 
L1.  This differential expression is in contrast to expression of TrkC and Pvalb, which 
remain stable through these segments.  Also, this rostral-caudal pattern of Gabrg1 
expression tended to persist into adulthood (Lee et al., 2012).  These interesting 
findings, along with the potential synaptic implications and biological relevance of 
GABAA receptors in PSNs, piqued our curiosity and led us to include Gabrg1 in our 
single cell qRT-PCR screening. 
 Perhaps the most striking observation made during this project arose while 
comparing relative expression of Gabrg1 among 4 molecularly identified PSNs 
(Figure 17).  In our experiments, Cells 11 and 13 expressed Gabrg1, while Cells 7 
and 9 did not.  This finding suggests the possibility of differential expression of 
GABAA receptor subunits among PSNs.  Currently, three gamma subunit isoforms 
have been described and all have been detected in cultured embryonic and adult 
human DRGs according to mRNA expression (Maddox et al., 2004). It would be 
worthwhile to include all gamma subunits in future molecular screenings of larger 
samples of PSNs in order to further test for differential expression of these GABAA 
receptor subunits.  Variability in GABAA receptor subunit composition is known to 
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have important pharmacological and synaptic functions.  For example, GABAA 
receptors having the gamma 2 subunit are able to bind benzodiazepine drugs 
(Pritchett et al., 1989).    In addition, the gamma 2 subunit was believed to be the 
predominant subunit capable of clustering GABAA receptors postsynaptically until 
one study found that the gamma 3 subunit served as functional substitute in   
gamma 2-/- animals, although with slower kinetics (Kerti-Szigeti et al., 2014).  
Finally, HEK293 cells transfected with GABAA receptors composed of alpha 2 and 
gamma 1 subunits together were reported to yield slower inhibitory post-synaptic 
current kinetics (Dixon et al., 2014).  In PSNs, perhaps this particular subunit 
composition would enhance primary afferent depolarization, which will be further 
discussed later in this section. 
The functional implication of GABAA receptors found in PSNs relates to the 
fine-tuning of sensory feedback through the process of presynaptic inhibition.  
Presynaptic inhibition of sensory afferents is accomplished via central axo-axonic 
synapses of a GABAergic interneuronal subpopulation onto the afferent terminals, 
including Group Ia, Ib, and II (Maxwell and Bannatyne 1983; Alvarez, 1998; 
Rudomin and Schmidt, 1999; Betley et al., 2009).  The transcription factor Ptf1a is a 
molecular marker for these GABAergic interneurons, termed GABApre neurons, 
which mediate presynaptic inhibition of primary afferents (Glasgow et al, 2005; 
Betley et al., 2009).  In contrast to other central nervous system neurons, mature 
primary sensory neurons maintain a high intracellular Cl- concentration through the 
work of a Na+-K+-2Cl- cotransporter (Alvarez-Leefmans, 2009).  Upon binding the 
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neurotransmitter gamma-aminobutyric acid (GABA), primary sensory afferents are 
known to depolarize as a result of Cl- efflux.  This primary afferent depolarization 
decreases the amount of neurotransmitter release, and is a hallmark of presynaptic 
inhibition.  The exact mechanism underlying primary afferent depolarization 
remains to be determined, but two hypotheses appear to be prevalent in the 
literature (Kullmann et al., 2005).  First, primary afferent depolarization may cause 
Na+ channels to inactivate and the action potential amplitude to decrease.  Less Ca2+ 
influx would cause a decline in vesicular release of neurotransmitter (Graham and 
Redman, 1994).  An alternative shunting hypothesis proposes that depolarizing Cl- 
efflux through GABAA receptors located upstream of the afferent neurotransmitter 
release site disturbs propagation of action potentials and lessens subsequent 
neurotransmitter exocytosis (Cattaert and El Manira, 1999). 
Recently, GABApre neurons were genetically isolated and manipulated based 
on expression of Gad2, an enzyme involved in the synthesis of GABA (Fink et al., 
2014).  Optogenetic stimulation of the GABApre neurons evoked primary afferent 
depolarization as well as inhibited neurotransmitter release as predicted.  The 
presynaptic inhibitory activity of GABApre neuron population limits the amount of 
sensory feedback that actually reaches the afferent targets including MNs and other 
interneurons.  To examine the behavioral consequences that ensue in the absence of 
GABApre neurons, Fink et al. genetically incorporated a diphtheria toxin receptor 
into the Gad2-expressing neurons via viral injection at spinal segments C3 to T1.  
Immunohistochemical analysis of Gad2 contacts onto VGLUT1 positive afferent 
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terminals confirmed that delivery of diphtheria toxin almost completely ablated the 
GABApre neuronal population.  As a result, sensory feedback was left unchecked, 
and these mice lost the ability to execute smooth motions in the forelimb.  For 
example, when the mice performed reaching tasks, oscillations in motor output 
caused the forelimb to advance and reverse often while attempting the task (Fink et 
al., 2014).  Interestingly, this behavioral phenotype was not observed when the mice 
were at rest, which implicated PSNs as the source of overwhelming feedback when 
movements were attempted.   
Not long ago, it was also shown that GABApre neurons rely on signals from 
proprioceptive afferent terminals for synapse formation (Betley et al., 2009).  Using 
an Er81-/- animal model where PSN terminals in the ventral horn are absent, the 
GABApre neurons failed to form any synaptic connections at all, even with other INs 
or MNs in the ventral horn, which suggests that the wiring of this circuit is absolute, 
not preferential.  It would be interesting to determine if presynaptic inhibitory 
circuit assembly is accomplished differently on Group Ia, Ib, and II afferents, 
perhaps even according to differences in GABAA receptor subunit expression. 
Another perspective to consider in the interpretation of our results revealing 
differential Gabrg1 expression among PSNs focuses on the development of 
presynaptic inhibition.  Electrophysiological experiments in early postnatal mice 
have shown that presynaptic inhibition of Group Ia afferents, evoked by sensory 
stimulation, was absent at P0, but present at P7 (Sonner and Ladle, 2013).  Parallel 
findings have been reported in the context of the development of primary afferent 
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axo-axonic contacts by Ptf1a-expressing GABApre neurons (Betley et al., 2009).  At 
P0 to P2, GABApre neurons contacted afferent terminals anatomically, but lacked 
GAD65 and GAD67, markers of GABAergic synapses.  By P7, however, GAD65 and 
GAD67 were highly expressed, which supports the electrophysiological results from 
Sonner and Ladle.  It is plausible, therefore, that the differences we observed in 
Gabrg1 expression arose as a function of a normal developmental timeline.  For 
example, all PSNs may ultimately express Gabrg1, but upregulation occurs at 
different developmental time points.  It could be interesting to explore potential 
differences in the maturation of PSN subclasses through the lens of the development 
of presynaptic inhibition. 
 
Conclusions and Future Directions 
 This thesis work established a foundation of experimental techniques to be 
built upon with further investigations into the molecular comparison of PSN 
subclasses.  We hypothesize that PSN subclasses associated with Group Ia, Ib, and II 
afferents are molecularly distinct to a degree that would lead to biologically relevant 
genetic manipulations and new avenues to study the role of proprioceptive sensory 
feedback on motor functions.  To date, we have identified one candidate gene, 
Gabrg1, which appears to be expressed in a subset of DRG-L3 and L4 PSNs at ages 
P4-P5.  This exciting result suggests that there could be much to gain in expanding 
our efforts in studying PSN gene expression.  Experimental methods will need to be 
refined in the future in order to eliminate certain confounding factors and add 
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strength to the results obtained.  In addition, options for performing genome-wide 
expression studies on single cells are currently limited due to the low quantity of 
genetic material provided by a single cell.  Perhaps pooling captured cells from PSN 
subclasses defined by physiological criteria would provide sufficient genetic 
material for higher input gene expression techniques such as gene chip microarrays.  
Having the ability to study the independent contributions of PSN subclasses during 
different motor behaviors could have a profound impact on progress made in the 
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